the use of IRIS PASSCAL seismic equipment is NOT proposed Equipment (detector prototype) to be purchased: The research team will design, and have constructed, two phoswich detectors as part of this work, one of which is expected to require funds in excess of the value defining "equipment". Therefore, in the third project year, a saddle-design phoswich will be modeled and constructed that is consistent with the current ARSA configuration (cost estimated at $9,500). 
SUMMARY
Our instrumentation research group at Oregon State is in the latter stages of developing a state-of-the-art radiation detection system for real-time identification and dosimetry of betaemitting radionuclides in mixed radiation fields. The group has been working on this problem for the past seven years, with twenty-six related publications and three doctoral students having completed their degrees (the work proposed herein will provide an additional three doctoral students with a real-world problem on which to base their doctoral dissertation). Three innovative prototypic multi-layer phoswich radiation detectors, developed by the PI's research group, have been studied with an ultimate goal of sophisticated beta spectroscopy and dosimetry. The current proposal is focused on the development of a low-cost, optimized multi-layer phoswich scintillating detector in the saddle geometry and a high-speed digital processing system that will be retrofitted to the ARSA structure. Our radioxenon-optimized phoswich (XEPHWICH) and its supporting signal-analysis firmware will reduce the cost of the current ARSA detector by more than 70% and will significantly increase reliability of nuclear-detonation radioxenon detection, even in the presence of high radon concentrations. The digital signal processing technique will be capable of spectral discrimination, detailed pulse component analysis, neural network nuclide identification, memory-based quantification of radioxenons, and computationally enhanced beta spectroscopy. Multi-modal counting schemes (combinations of electronic and light coincidence/ anti-coincidence methods) will be employed to digitally analyze scintillator light output, and its multi-component signal shape, from simultaneous electron and photon interactions in the layered scintillation material. Our ultimate objective for the proposed research is to enhance the existing ARSA radioxenon detection technology to be more compact, reliable, and inexpensive, requiring less power and maintenance, and using state-of-the-art digital pulse processing and phoswich technology.
NARRATIVE PROBLEM STATEMENT
The Comprehensive Test Ban Treaty (CTBT) mandates that the International Monitoring System (IMS) establish a worldwide network of radiation detection systems for nuclear explosion monitoring. These detection systems must be capable of detecting fission-product radioxenons with a minimum detectable concentration of 1 mBq/m 3 for 135 Xe. A vast amount of research has been carried out by various groups to develop the Automated Radioxenon Sampler/Analyzer (ARSA), as well as three other similar technologies (SAUNA, ARIX, and SPALAX) around the world (Reeder and Bowyer 1998; Bowyer et al. 1999; Hayes et al. 1999; Heimbigner et al. 2002; Penn et al. 2002; Penn 2003; Ringbom et al. 2003; Ely et al. 2003; McIntyre et al. 2004; Rynes et al. 2004; Reeder et al. 2004 ). Additionally, a manufacturing prototype of the ARSA system was installed in China, in late 2002 (Penn et al. 2002; Penn 2003; Rynes et al. 2004) .
Because of the need for a large array of monitoring systems in the IMS network, further research is needed to greatly reduce power requirements, size, production costs, and complexity of individual systems and components. Radionuclide detection techniques that are definitive in the identification and quantification of fission-product radioxenons in the presence of high background radiations (including radon) are of great value. The current ARSA detector, however, is large, requires power and electronics for 12 photomultiplier tubes, and is incapable of definitive radioxenon detection and measurement (Reeder and Bowyer 1998; Penn et al. 2002; Penn 2003; Rynes et al. 2004) . The research proposed herein will take large strides toward increasing detection sensitivity, speed, and accuracy by modifying the ARSA design, and through the use of digital signal processing (DSP), field programmable gate arrays (FPGA), and neural network techniques.
Approximately seven years ago, our research group began development of a triple phosphor sandwich ("TPS") detector that we have shown provides information for identifying and quantifying beta-emitting radionuclides (Bush-Goddard 2000) . Based on advancements made to the Bush-Goddard design, the PI and his students developed a 2 nd prototype scintillator (Kriss and Hamby 2004a) to investigate beta dosimetry in thin detector layers 2004c) . Expanding on what we've learned (Tavakoli-Farsoni and Hamby 2004a; and from current work on a 3 rd generation design for beta dosimetry (DE-FG07-05ID14704), we are proposing an extension of our research that involves full development and characterization of a prototype radioxenon multi-layer phoswich detector (which we will call XEPHWICH) and automated high-speed digital signal analysis for real-time measurement of fission-product radioxenons in the presence of radon and other background sources.
We will employ digital pulse-shape discrimination with the XEPHWICH to differentiate between the contributions to light output from different radiation types in a mixed beta/gamma field, thus allowing the generation of 3-dimensional histograms of coincident energy deposition, as well as the simultaneous collection of individual energy spectra from gamma and beta radiations. Ultimately, our software-based spectral manipulation routines will be coded as hardware using FPGA digital filtering and digital signal processing to enhance the usefulness of signal pulses and to drastically increase spectral processing speeds.
BACKGROUND
An ideal scintillator is transparent to its own light, possesses fast light-emission times, has a high degree of scintillation efficiency, has light emission properties that are linear with deposited energy, and has good optical qualities (Knoll 2000) . The electron response function for scintillators is dependent on the material selected, its thickness, and the angular incidence of electrons. Additionally, backscatter and bremsstrahlung are important elements in any instrument used for electron detection, with their significance increasing as the atomic number of the scintillator increases. Scintillators with low Z, therefore, are desired for electron spectroscopy, and thin scintillators will have minimal gamma contributions because of low interaction probabilities. These contributions are a function of incident photon energy and can be characterized by experimentation or modeling of photon interactions.
There are several types of scintillators in various physical and chemical states. These include organics as polymers, crystals, thin films, loaded scintillants, and liquids; inorganics as crystals (e.g., NaI, CsI, LiI, ZnS, CaF 2 , CsF); silicate glasses containing lithium or cerium; and noble gases. Fluorescence in the organic scintillators originates from energy-level transitions within the structure of a single molecule, whereas fluorescence in inorganic crystals takes place in the lattice structure. This being the case, the organic scintillators can be in a variety of different physical forms (e.g., solid, liquid), but the inorganics require the crystalline structure to produce the characteristic scintillations.
The excitation and de-excitation processes in organic scintillators can be described adequately by simple exponential rise and decay times. Rise times are typically very short (on the order of hundreds of picoseconds) and decay times are typically on the order of 1-4 nanoseconds, dependent on the molecular energy-state structure of the organic.
The light emission processes of inorganic crystals are based on excitation and deexcitation of energy states in the lattice structure. Excited states essentially are all formed at once and then decay exponentially. Although other processes, like afterglow and quenching do occur, the light emission timing characteristics are adequately described by a single exponential. The inorganics tend to have greater light yield and scintillation linearity with energy deposition, but have longer decay times relative to the organics, on the order of hundreds to thousands of nanoseconds. Even though their light output is not as great, organic scintillators, because of their lower atomic numbers, are most commonly used for electron or beta spectroscopy. Inorganics generally have a higher Z than the organics and, therefore, will be more susceptible to lowenergy gamma interference and more likely to cause backscatter of incident betas. Many of the inorganic scintillators are specifically used for gamma spectroscopy because of their higher density. Most inorganic scintillators are hygroscopic and, therefore, require encasement to prevent breakdown from atmospheric moisture. Calcium fluoride (CaF 2 ) is an inert, nonhygroscopic scintillating crystal that's use is ideal where harsh environments may be encountered or where the application requires the scintillator to be in direct contact with the medium being analyzed (e.g., tritium quantification in groundwater).
Even though its light output is relatively low, glass is sometimes used for beta or gamma detection when harsh environmental conditions (e.g., corrosive chemicals or high temps) prevent the use of other forms of scintillator. Decay times, at about 50-70 nanoseconds, are faster than the inorganics, but slower than the organics. Glass is not the ideal scintillator for low level counting because of the likelihood of it containing naturally radioactive potassium or thorium.
Individual molecules in the noble gases can be excited to higher energy states by the passage of photons or charged particles. These elevated states then return to the ground state by the emission of UV photons. Although in the ultraviolet region, wave-shifting molecules can be added to the gas or specialized photomultipliers can be used for signal collection. The scintillation efficiency is quite low and de-excitation occurs in a few nanoseconds or less, making gases among the fastest of all radiation detectors. Because of the low stopping power, however, gases are usually used as scintillation detectors only for alpha or heavy charged particles (Knoll 2000) .
Phoswich Detectors. A phoswich detector is generally thought of as one in which two different scintillators have been optically coupled to each other and to a single photo-collection device. The two scintillators are referred to as a phosphor sandwich, hence the name phoswich. Scintillators in the sandwich are chosen specifically so that their light emission decay times are different. Thus, it can be determined in which phosphor a given interaction takes place. This allows rudimentary discrimination by particle type using pulse-shape analysis techniques (Wissink et al. 1997; Lautridou et al. 1996; Frontera et al. 1993) . Sodium iodide (NaI:Tl) and cesium iodide (CsI:Na) are often chosen as the two sandwich materials because their decay times are quite different, and pulses arising from only one scintillation are easily distinguished from those with both components, using the pulse shape discrimination method.
Our first triple phoswich (TPS) detector (Fig. 1) , designed in the late 1990's, follows one approach to analyzing beta energy spectra (Bush-Goddard 2000) . The concept for that detector involves layering three distinctly different scintillators on top of a photomultiplier tube. Lowenergy betas (< 100 keV) will stop in the first layer, intermediate betas (100 keV -1 MeV) in the second layer, and high-energy betas (> 1 MeV) in the third layer. Each scintillator has a unique scintillation decay time. By analyzing the decay time of the photomultiplier's output, conclusions can be reached as to which layers produced the signal. This provides a quantitative measure of the energy range of the betas incident on the detector.
Phoswich detectors have been used for a number of particle discrimination applications (Langenbrunner et al. 1992; Usuda 1992; Wang et al. 1994; Usuda et al. 1994a; Usuda and Abe 1994; Nagornaya et al. 1996; Usuda et al. 1994b; Ely et al 2003) as well as gamma telescopes in astronomical investigations (Schindler et al., 1997; Qi et al. 1997a; Lum et al. 1997) , mixed betagamma dosimeters (Vasil'ev and Volodin 1996) , PET and SPECT components (Dahlbom et al. 1997) , and heavy ion detectors (Fox et al. 1996; Qi et al. 1997b) . A few researchers have examined unique variations of the phoswich detector, including a gas proportional phoswich (Benchekroun et al. 1993) , detectors that utilize both scintillator and solid-state designs (Strauss et al. 1990) , and well-counter phoswich configurations (Kamae et al. 1993) . The use of three scintillators layered together is uncommon, but has been investigated primarily by Usuda et al. (1994a; at the Japan Atomic Energy Research Institute. These studies and our work have shown that excellent discrimination between radiation types can be obtained, given the use of the appropriate scintillators and timing electronics.
Fig. 1. First generation triple-layer phoswich (TPS) detector (Bush-Goddard 2000).
Figure 2 shows four plots of captured waveforms from the TPS developed by BushGoddard (2000) and further characterized by Tavakoli-Farsoni (2004a) . In each plot the upper curve shows preamplifier output and the lower curve is the clipped-amplifier output. The fall time of the clipped-amp waveform corresponds to the rise time of the preamplifier output. Fast and slow components can be extracted from these digital waveforms, but timing component detail is lost if using analog processes.
Beta spectroscopy with plastic scintillators. Beta spectroscopy is performed generally for the purpose of nuclide identification or beta dosimetry. Scintillation dosimeters may be categorized by function: those that are used in laboratory or work settings to measure occupational dose; those that are used in medical settings for measuring patient dose; and those developed for special research purposes. In the lab or workplace, a common technique used to measure beta dose is to first measure the beta spectrum with a scintillator, and then calculate a dose from that information. Martz et al. (1986) used a plastic scintillator 2.5 cm diameter by 0.9 cm deep to measure beta spectra and convert those spectra to dose. They used a beta energy deposition function, derived from calibrated sources, to convert the measured spectra to dose at a depth of 7 mg/cm 2 . Thus, calculation of dose relied not only on direct extrapolation of scintillator light output to dose, but on previously derived calibration curves, in order to isolate the dose to a thin layer at a specific depth. Gammas were excluded by measuring spectra with and without a beta shield. Shen et al. (1987) used plastic scintillators to measure spectra, from which they subsequently calculated doses using electron transport theory as applied to TLDs. Swinth et al. (1989) constructed a combination proportional counter-plastic scintillation counter for measuring beta spectra and dose. They used coincidence gating to exclude gamma events. Dose was calculated from spectral information and compared to extrapolation chamber data for calibration. Horowitz et al. (1993) developed a two-detector telescope device consisting of a thin, front silicon detector and a thick, back plastic scintillator. Again, gamma rejection was accomplished by electronic coincidence analysis. Dose was calculated by comparison to Monte Carlo depth distributions for the spectra measured. Vapirev et al. (1996) employed a plastic scintillator to measure beta spectra after passage of the betas through absorbers of various thicknesses. Dose was calculated via specific energy losses, dE/dx, and the collected energy spectra. Results were compared to the calculations of Cross and Marr (1960) . In the medical setting, much of the effort has gone into dose measurements of highenergy photon beams (Beddar et al. 1992a (Beddar et al. , 1992b de Boer et al. 1993; Mainardi et al. 1997; Clift et al. 2000) . Though not measuring beta energy, the materials are the same, namely plastic scintillators coupled to a light detector and associated electronics. The complications are also similar, for instance, the need to account for Cerenkov radiation. Not all efforts have been directed towards photon radiation therapy: Bambynek et al. (2000) developed a dosimetry system for cardiovascular brachytherapy beta sources using a plastic scintillator; several authors (Williamson et al. 1999; Kirov et al. 1999; Fluhs et al. 1996) worked on plastic scintillator response to low-energy photons from brachytherapy sources; and de Sousa et al. (2000) studied a dosimeter for patients undergoing diagnostic radiology procedures. The primary advantages of plastic scintillator material in all of these cases are its near-water equivalence, a property useful when dose to tissue is desired, and small backscatter factors.
Several authors have studied thin plastic scintillators for beta dosimetry. Bingo et al. (1980) developed a beta dose survey meter using a 2 mm thick scintillator. The premise was that there existed a certain thickness of scintillator that would satisfy a directly proportional relationship between count rate and dose rate, for all beta energies, i.e. independent of beta energy. Two millimeters happened to be the experimentally determined optimum thickness. Johnson et al. (1983) deliberately chose to use a very thin plastic scintillator, backed by a 1 cm thick Lucite light pipe, to measure dose to skin directly. used thin sections of scintillator to estimate beta dose as a function of tissue depth (Fig. 3) . The spectra of Figs. 4 and 5 were collected using the 2 nd generation scintillator and the large-area avalanche photodiode developed and characterized by Kriss (2004d) . Figure 4 shows the results of raw measurements and Kriss' spectral shaping method (Kriss and Hamby 2004c) compared to theoretical emission spectra. Figure 5 shows an example of dosimetric calculations from our measured spectra as compared to Monte Carlo (MCNP) estimates. Finally, Watt and Alkharam (1995) proposed using extremely thin (20 µm) plastic scintillators to directly simulate DNA damage, in the sense that the fluor spacing in the scintillator is analogous to the DNA diameter of around 2 nm. So, two scintillation emissions within 2 nm can be considered a double strand break, and thus an indication of biological effect.
Radioxenon Detection. A number of researchers have investigated various techniques to identify radioactive isotopes of xenon (Reeder and Bowyer 1998; Bowyer et al. 1999; Arthur et al. 2001; Heimbigner et al. 2002; Ely et al. 2003; Ringbom et al. 2003; McIntyre et al. 2004; Reeder et al. 2004) , primarily for nuclear explosion monitoring. Reeder, Bowyer and others (Reeder and Bowyer 1998; Bowyer et al. 1999; Arthur et al. 2001; Heimbigner et al. 2002) developed the ARSA prototype to collect beta and gamma spectra on a single sample and, with the use of analog electronic coincidence methods, developed two-dimensional (electron vs photon energy) pulse-height spectra. Ely et al. (2003) suggest the use of a two-layer phoswich design for beta-gamma coincidence. They use rise-time analysis to determine the layer in which energy deposition took place, however, their method is unable to identify beta-gamma coincident pulses and also unable to produce pure beta or pure gamma spectra. Triple coincidence methods have been investigated by McIntyre et al. (2004) . These methods appear to improve on the ARSA design, however, power requirements are still excessive and detector complexity remains high.
Pulse-Shape Analysis. Some scintillators respond to different types of radiation (i.e., different rates of energy transfer) by emitting light with different timing characteristics. Likewise, different scintillators respond to the same radiation by emitting light differently. Because of these differences, a pulse-shape analysis (PSA) technique, or pulse-shape discrimination (PSD), can be performed to identify and selectively analyze the signal from either a particular radiation type (in two scintillators) or from a particular scintillator (with two radiation types). The majority of PSA/PSD systems operate on analog signal pulses; current technology, however, allows us to do more sophisticated analyses with the use of digital signal processing (DSP).
Traditionally, one of two approaches is used to perform the pulse shape discrimination for phoswich detectors. On the one hand, the rise time technique is based upon the integration of the light pulse (e.g. or the anode pulse of the phototube), followed by the determination of the time at which this integral reaches a certain fraction of its maximum. On the other hand, the charge integration method requires the comparison of the charge collected at the anode signal over two different time intervals, one normally encompassing the entire duration of the pulse, and the other limited only to a certain portion. Both methods are achieved using analog electronic systems.
Recently, with the development of fast ADCs, digital signal processing (DSP) methods have gained popularity for analyzing signals from radiation detectors. The use of digital systems offers several advantages over conventional analog units, including digital pulse charge integration, reduced dead time, elimination of distorted pulses, noise analysis and minimization, pulse shape discrimination capabilities, and pulse-shape component analysis.
In our lab, we have developed a digital pulse shape discrimination algorithm specifically for the triple-layer phoswich detector. To illustrate this approach, Figs. 6 and 7 show original and processed digitized waveforms, respectively, that we've measured. The abscissa represents time (ns) and the ordinate represents amplitude (volts). The radiation pulses were captured using a 1 GHz-digital oscilloscope (Tektronix TDS1002).
The first two waveforms across the top in Fig. 6 were constructed using mathematically modeled pulses to evaluate the process; the remaining waveforms were collected from our firstgeneration TPS detector on exposure to 36 Cl, a pure beta emitter. The TPS detector has two front scintillation layers similar to our 3 rd generation design. The original waveforms were digitally processed using the following functions:
1. noise minimization using digital filters; 2. zero-point determination (the point where the waveform begins); 3. baseline determination (by averaging over a finite duration of time prior to the zero point);
4. baseline subtraction from the whole waveform; and 5. determination of amplitude for both fast and slow components. The last step is carried out by fitting the reference pulses to the captured waveforms; the curve fitting is only possible by using the digital processing approach; analog systems are incapable of component analysis. The calculated fast, FA, and slow, SA, components of amplitude (volts) for each waveform are presented in Fig. 7 .
Corrections to the waveforms of Fig. 6 are necessary due to the light yield differences between scintillation layers, but eventually, these fast and slow component values will be used to generate the digitally-processed energy spectra. Waveforms A and B (top of Fig. 7 ) were generated by combining modeled/normalized fast and slow components with different amplitudes to simulate beta absorption in two successive scintillation layers (with different energy deposition in each layer). They have been made with different fast and slow combinations [FA 1 = 0.3 V; SA 1 = 0.7 V; FA 2 = 0.7 V; SA 2 = 0.3 V], each having the same total amplitude of 1 Volt. In this simple example, the processed results (Fig. 7) show good agreement with the original amplitudes. We currently have this algorithm under development to fit to our 3 rd generation design for a simultaneous gamma/beta spectrometer and dosimeter. Modifications to this algorithm will allow waveform manipulation for the proposed XEPHWICH.
In the XEPHWICH detector, the pulse-component analysis will result in estimates of three amplitude determinations relating to the amount of energy deposited in each of the three layers. This analysis can be carried out using a least-squares minimization technique with,
and where f x [n] represents the normalized response of scintillating layer x, and the coefficients (A, B, and C) represent the contributions to signal amplitude of the three signal components. The method can be hardware-implemented to provide rapid, real-time amplitude estimates (Fig.  8 ). The hardware includes three multipliers, accumulators, and adders and nine scalars, all configured in FPGA by VHDL (Bolic and Drndarevic 2002) . The recursive analysis results in estimates of the coefficients until the residual error is minimized to an acceptable level. Our preliminary studies show that these estimates can be obtained within about 2.5 microseconds (Fig. 9 ). Digital signal processing. Applications of digital techniques for radiation pulse processing have increased steadily in recent years as a means of replacing the conventional analog electronics used in radiation detection and measurement. The digital processing approach has been demonstrated for:
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1. improving energy resolution in _-ray or x-ray spectroscopy through such methods as Compton continuum suppression (Aspacher 1994) or optimum filtering (Fazzi 1998 ); 2. obtaining digital pulse shape or pulse height spectra (Simes 1995) ; 3. improving throughput rates by using fast recursive digital algorithms (Jordanov et al. 1994) or reducing dead time (O'dell et al. 1999) ; 4. estimating the occurrence time of events for coincidence or anti-coincidence through least-mean-squares algorithms or linear algorithms (Geraci 1999) ; and 5. separating different radiation type-induced pulses in a phoswich detector by pulse shape discrimination (White and Miller 1999) . Although most of these applications utilized hardware implementation of digital signal processing algorithms, a more efficient alternative approach is to employ software algorithms. Software algorithms for pulse height, pulse shape discrimination, and dual parameter analyses have been developed by several research groups using digital oscilloscopes (White and Miller 1999; DeVol et al. 1999) . The software implementation can be improved by decreasing process time with a CPU optimized for fast digital signal processing. For prototyping, software implementation is performed using an appropriate digitizer, but once the algorithm for the signal processing is optimized, it can be translated to a hardware implementation form using fieldprogrammable gate arrays (FPGA) (Jordanov and Knoll 1995; Warburton et al. 1999; Bolic and Drndarevic 2002) . Processed data by the FPGA then will be fed to a fast digital signal processor to drastically increase system throughput rates.
There are several advantages to digitally processing radiation pulses over the conventional analog approach (DeVol et al. 1999) . For example: 1) the pulse processing algorithm is easy to edit, because changes are made through the software; 2) the algorithm is stable and reliable, since it is not affected by thermal noise or other fluctuations; 3) it is possible
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to make the detection equipment portable by eliminating most of the bulky analog electronics; 4) it is convenient to post-process the pulses; 5) it is more cost-effective; and 6) effects, such as pile-up (Chrien et al. 1986 ), ballistic deficit (Georgiev and Gast 1993) and charge trapping (Hess et al. 1994) can be corrected or eliminated at the processing level. Additionally, signal capture and processing can be based more easily on coincidence criteria between different detectors or different parts of the same detector (Warburton et al. 1999) .
Neural Networks. Neural networks are composed of parallel mathematical elements designed to mimic the biological nervous system (Wunsch et al. 2003) . As in nature, the network function is determined largely by the connections between elements. A neural network can be trained to perform a particular function by adjusting the significance of the connections (i.e., weights) between elements. Commonly, neural networks are trained, based on a comparison of the true output and the target output, so that a particular input leads to a specific target output. Typically, many such true/target output pairs, coupled with the input dataset, are used to train a network in what is referred to as "supervised learning".
Batch training of a network occurs iteratively by making weight and bias changes based on an entire set (batch) of input vectors. Incremental training changes the weights and biases of a network as needed after presentation of each individual input vector. Incremental training of this sort is referred to as "adaptive" training. Supervised training methods are commonly used, but other networks can be obtained from unsupervised training techniques or from direct-design methods. Neural networks have been trained to perform complex functions in various fields of application including pattern recognition, identification, classification, speech, vision, and control systems. The PI has utilized neural networks in previous work to aid in environmental decision-making .
Neural networks for this proposed application will be trained and parameterized from measured response functions for two specific uses, both utilizing the pattern recognition capabilities of properly trained networks: 1) to aid the identification of radiation-type and nuclide; and 2) to facilitate determination of a most-probable xenon source by isotopic ratio analysis. Characteristics particular to given radiation fields and peculiarities of specific radiation types will be cataloged and used to train the neural network to recognize these characteristics and identify the radiation components incident on the detector.
Our Prototype 3 rd Generation Phoswich. In a portion of our current research (DE-FG07-05ID14704), we are investigating the use of a 3 rd generation triple-phosphor sandwich detector (which we call GEN3) design for real-time, digital beta radiation spectroscopy and dosimetry in a mixed beta/gamma radiation field (Fig. 10) . To facilitate pulse shape discrimination, the scintillators are chosen to have sufficiently different decay times (Table 1) .
The first two layers of GEN3 were chosen specifically for beta spectroscopy, with the third layer intended for gamma-ray measurements. The first layer is a very thin inorganic (CaF 2 :Eu) and the second layer is a plastic (BC-400); both are sensitive to beta radiations and their total thickness is enough to stop betas with energies up to 3.18 MeV. The thinness of the CaF 2 :Eu scintillator minimizes the likelihood of gamma ray interactions and increases the probability that an incident beta particle will traverse the inorganic and enter the plastic scintillator before stopping.
The design is such that the first layer must be penetrated by the incident betas for a pulse to be recorded as a beta-induced pulse. In other words, all fast pulses originating from the plastic scintillator without having a slow component (from the CaF 2 :Eu layer) are rejected since they are considered to be gamma-induced pulses. The third layer (NaI:Tl) is an inorganic scintillator and is included for gamma-ray measurements. Since plastic scintillators cannot be fully dried and would ultimately hydrate and destroy the performance of the crystal, the NaI:Tl is completely isolated by a thin quartz optical layer. Additionally, an hermetic seal is made around the quartz and the PMT. The quartz acts as a light guide and does not affect the light produced in neither the CaF 2 :Eu nor the plastic. In a mixed beta/gamma field, the energy distribution of gamma-rays detected by the NaI:Tl can be distorted by: (1) beta particles possessing enough energy to reach this layer; or (2) scattered gamma rays, due to Compton interactions originating from other layers (mostly from the plastic). Given the thickness of the first two layers and the quartz, only beta particles of very high energy (> 6.7 MeV) can reach the third layer. However, since absorption of scattered gamma-rays in the third layer produces a pulse with more than one timing component, the second interference can be eliminated by rejecting that pulse in an anti-coincidence filtering with other layers. The criteria for accepting or rejecting a pulse are presented in Table 2 . By using this design and utilizing digital pulse shape discrimination, we will be able to measure beta and gamma-ray energy distributions simultaneously with minimal crosstalk in either spectrum. To study seven possible combinations of light components corresponding to possible gamma and/or electron interactions within each layer of the phoswich detector, an analysis using MCNP has been performed separately for monoenergetic photons and electrons. Table 2 , for instance, shows the results of this study for 1.0 MeV photons and electrons. Columns five and six of Table 2 indicate total probabilities of the event (pulse detected containing marked components) for that radiation type; events (detector response) with energy deposition less than 20 keV were excluded as noise. To better visualize the results of Table 2 and to identify important events in a mixed beta/gamma field, a 3-D histogram (Fig. 11 ) was generated by resolving the three decay components from each signal pulse and attributing each axis of this plot to the amount of energy deposited in the corresponding phoswich layer. If considering the major interaction scenarios, event 1 in Table 2 corresponds to energy deposition of incident electrons or photons in only the first layer (CaF 2 :Eu). In terms of pulse shape, therefore event 1, an interaction in the first layer only, generates a single-light component pulse (T d = 900 ns) with probabilities of 0.022 and 0.37 for 1.0 MeV photons or electrons, respectively. Note that event 1 relates to all interactions in which the radiation energy is either fully absorbed in the CaF 2 or, after releasing a fraction of its energy, with no interaction in other scintillation layers, escapes the detector.
In event 2, since 1.0 MeV electrons have enough energy to penetrate into the second layer, a pulse with double decay components (from CaF 2 and BC-400) can be produced. The probability for this event due to 1 MeV electrons is 0.585. For 1 MeV photons, the probability of an interaction in the first and second layers was calculated to be 0.0028. Comptonphotoelectric and Compton-Compton are among successive gamma interactions which can take place in the first and second layers and generate event 2, but the probability of such an interaction sequence is quite low.
Considering the relatively high probabilities of events 1 and 2 for electrons, it is highly reasonable to attribute these types of pulses to incident electrons. In fact, with this configuration and the short mean-free-path of incident electrons, a passive discrimination mechanism is provided for the electron-induced pulses to be separated from the gamma-induced pulses in the first two layers. This mechanism would be more efficient if we only consider event 2 for beta detection. But, for covering a wide beta energy range, the first layer must be very thin. Current machining technology allows a minimum thickness of about 0.3 mm for CaF 2 and thus at this point both events 1 and 2 are considered as beta-induced pulses.
Detector output from events 1 or 2 (Table 2 ) will fall into region 1 (R1) of Fig. 11 . Therefore, this plane, including the CaF 2 axis will cover almost all pure beta interactions in the first two layers. Since the related gamma and electron probabilities in R2 (BC-400 axis in Fig.11 and event 3 in Table 2 ) have similar values, no useful information can be extracted from these events and therefore are rejected. Rejection of these pulses efficiently minimizes gamma crosstalk, mostly due to Compton interactions within BC-400, in measured beta spectra. This is one of the important features of the XEPHWICH design over the ARSA detector, in which Compton interactions in ARSA beta cells due to incident gamma rays introduce some errors in the 2-D gamma/beta coincidence plot (Rynes et al. 2004; Reeder et al. 2004) . To eliminate any beta crosstalk in measured gamma spectra, the thickness of the first two layers and the quartz has been designed in our 3 rd generation prototype to stop any beta particle in the field. Pulses due to event 7, therefore, can be considered as gamma-induced pulses, e.g. events falling on the NaI axis (R4 in Fig. 11 ). Event 5 (R3 in Fig. 11 ) similar to event 3 (R2), has no functional information for discrimination of beta and gamma radiations and is therefore rejected. All other locations of Fig. 11 , including the plane of CaF 2 /NaI, can be considered as gamma/beta coincidence events, since their probabilities for single-particle interactions are quite small (events 4 and 6 of 
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NaI and electron particle energies will be considered to optimize a new multi-layed phoswich detector (XEPHWICH) to respond to the events of Table 2 .
Radon Emanation Following Seismic Activity. The OSU research group will propose herein to develop what we will call "radon correlation analysis", a novel approach to utilize, rather than discard, the radon signature in air and to correlate the radon/xenon response for positive identification of subsurface nuclear detonations. A number of researchers (Wakita 1996; Bassignani et al. 1999; Planinic et al. 2000; Choubey et al. 2004 ) have shown that radon concentrations in soils, spring water, and groundwater vary following seismic activity. Observations by Wakita (1996) demonstrate that long-term variations in groundwater radon concentrations increase by about 3-10%, dependent on relative seismic activity. Planinic et al. (2000) suggest that temporal variations of radon emanation from soil and water can give early evidence of tectonic disturbances, and that radon-emanation detectors might be used for earthquake prediction. Likewise, Choubey et al. (2004) found that radon levels in spring water were affected by a particular earthquake in India and they concluded that there is a significant relationship between groundwater radon concentration and earthquakes. The work of Yakovleva (2003) , however, shows that radon flux density from the earth (mBq m -2 s -1
) is a more sensitive indicator of seismic activity than is soil radon concentration. Therefore, measurements of radioxenons, particularly 135 Xe, that are accompanied by an increase in radon concentration may prove useful for identification of underground nuclear explosions. We plan to investigate this possibility and utilize the radon signature in our analyses.
Xenon Isotopic Ratio Analysis. The Comprehensive Nuclear-Test-Ban Treaty (CTBT) calls for the development of radioxenon monitoring systems to detect four specific isotopes of xenon:
Xe, 133 Xe, and 135 Xe. Sources of these radionuclides typically include medical uses, spent fuel reprocessing, reactor operations, and nuclear explosions. Because of the differences in production rates, decay rates, process amounts, etc., the numerical values of various concentration ratios of the xenon isotopes can be used to predict the source of detected radioxenon. Three ratios in particular ( Xe, is indicative of an aged medical source or a nuclear fuel reprocessing source. Several researchers Arthur et al. 2001; Heimbigner et al. 2002; Ringbom et al. 2003; Reeder et al. 2004) indicate that the 133m Xe:
133 Xe ratio, when high, suggests nuclear weapons tests, whereas a low ratio indicates reactor operations. Likewise, the 135 Xe:
133 Xe ratio, with other indicators, can be used to determine weapons test versus reactor operations (Arthur et al. 2001; Ringbom et al. 2003) . A 135 Xe: 133 Xe ratio resulting from a nuclear detonation is several orders of magnitude greater than for a reactor at equilibrium, whereas a high ratio with a lack of 133m Xe indicates a nuclear reactor not at equilibrium (Heimbigner et al. 2002) . Additionally, because of the lack of 135 Xe burnup, the 135 Xe: 133 Xe ratio increases quite dramatically, from 0.5 to 10, in the first day following reactor shutdown (Heimbigner et al. 2002) . In the work proposed herein, we will examine further options for isotopic ratio analysis and merge those findings with neural network routines to aid the source identification task of the radioxenon detection system.
THE PROPOSED RESEARCH
Research Objectives. The research team will develop a task-specific atmospheric radioxenon analysis system that includes a radioxenon-optimized, multi-layer phoswich detector (XEPHWICH) and a digital, firmware-based pulse-shape processing structure (Figs. 12 and 13) . The system will be designed such that it can be retrofitted to the existing ARSA framework in the four-cell arrangement to allow continuous sampling. Signal management will be entirely digital and will be executed with an infrastructure of high-speed, field-programmable gate arrays (FPGA) and digital signal processor (DSP) circuitry (Fig. 13) . The completed system will require at least 2/3 less power than ARSA and will provide positive identification of radioxenons originating from nuclear explosions by isotopic ratio analysis, neural-network-assisted identification routines, and novel radon correlation analysis. The 2-D β/γ electronic-coincidence plots (Reeder and Bowyer 1998; Bowyer et al. 1999; Ely et al 2003; Rynes et al. 2004 ) currently generated by ARSA will be replaced with 3-dimensional light/electronic-coincidence xenon/radon histograms, along with pure beta and pure gamma differential pulse-height spectra, to positively identify/quantify radioxenon isotopes. More technical details about the XEPHWICH are given in the Technical Approach section. 
Fig. 13. Simplified block diagram of our 2-channel digital pulse processing unit (DPP2).
DPP2, A Two-Channel Digital Pulse Processor Unit: DPP2, consists of two analog inputs, two analog testing outputs and one high-speed USB 2.0 interface (Fig.13) . The detector outputs, PMT 1 and 2, are fed directly to the DPP2. The signal pulses from each PMT then undergo analog signal conditioning (ASC) by passing through a variable gain amplifier in order to ensure that they are within the range of the ADC. After processing through low-pass analog Nyquist filters, the signal pulses in each channel are sampled by a 12-bit/100 MHz ADC to provide sufficient time and amplitude resolution. The sampled pulse may be reconstructed if, and only if, the ADC sampling rate is greater than or equal to twice the highest frequency component contained in the waveform (Nyquist-Shannon Theorem). The Nyquist filter stretches the signal pulse (Bardelli et al. 2002) , thereby minimizing the need for higher sampling rates to capture very fast pulses. The digitized pulses in each channel then pass through a Field Programmable Gate Array (FPGA) and from there to a circular short FIFO (First-In-First-Out) memory buffer. The FPGA, which consists of gates, flip-flops, distributed and block RAM's, has been described as a "highly parallel configurable digital signal processor" (Bolic et al. 2002) . The FPGA allows calculations to be carried out in parallel, thereby significantly increasing the digital processing speed. It is fully reprogrammable, thereby allowing different applicationspecific configurations to be used with the same hardware. For prototyping, our programmed FPGA (Fig. 14) will perform the tasks of noise reduction, pulse detection, time stamping, pile-up rejection, and the resolving of pulse time components (Fig. 8) . The FPGA configuration will be developed using the high-level language VHDL (Yalamanchili, 2001) . The FPGA will cause an event trigger to be issued if it detects a valid pulse. The role of the trigger is to recognize when an event has arrived such that subsequent processing can occur (i.e., a signal pulse determined to be valid versus pileup pulses, pulses due to cosmic radiations or pulses with amplitudes below the threshold level, all of which would be rejected). The trigger causes the short FIFO (Fig. 13) to stop filling its memory with incoming samples and also informs the Digital Signal Processor (DSP) that a valid radiation pulse in one of the short-FIFO buffers is ready to be processed. On completion of reading the short-FIFO buffer, the FPGA will be informed to rearm itself, by setting a flag bit, and enable the short-FIFO buffer to accept the next in a line of radiation signal pulses. Pre-processed pulses then will be stacked in the long-FIFO buffer (Fig. 13) for further processing by the DSP. For development purposes, the DPP2 unit will be equipped with two reconstruction digital-to-analog converters (DAC). The DAC allows the manipulated waveform to be viewed easily on an oscilloscope and compared to the raw signal directly from the detector. Relevance. Topic 7 of the RFP (DE-SC52-05NA26703) states that proposals are sought that will "enhance the United States' ability to monitor foreign nuclear tests through improved instrumentation used for the detection of radioactive particles and xenon and processes/methods that facilitate improved data discrimination." The request states the necessity of beta detectors for improved radioxenon monitoring and simple, innovative, low-cost techniques that achieve high accuracy and field-condition stability. Methods that eliminate re-calibration and manual intervention for at least 6-month periods are desired, along with "techniques that minimize complexity, power usage, and costs." Additionally, Topic 7 seeks data discrimination techniques "to improve the quantification and identification of radionuclides in the presence of high natural backgrounds …" and "… methods to correlate specific radionuclides."
The PI and his research team propose a radioxenon detection system that will address all of these requirements. The research group has been investigating the problem of gammadiscriminated beta spectroscopy for a number of years using phoswich techniques and signalcomponent analysis. This work will be expanded to develop a saddle geometry, radioxenonoptimized phoswich, at a power and cost reduction of greater than 70%, with supporting digital signal processing for xenon/radon discrimination that will fit the current ARSA infrastructure (Fig. 14) . Cost and power reductions come primarily from the reduction in the number of PMTs required of the current ARSA (from 12 to 4, by eliminating the 8 beta-cell PMTs) and the electronics associated with an analog system. The proposed system, being digital, also will have the advantage of remote auto-calibration and single-pulse analysis for background reduction and radon correlation analysis. Advantages of the proposed XEPHWICH detection system over the ARSA method are given in Table 3 . Table 3 . Advantages of the XEPHWICH system over the ARSA configuration.
Current ARSA System:
Proposed XEPHWICH System:
Pulse Processing
analog pulse-height spectral analysis; gammaor beta-gating; pulse-height spectra archival; analog electronic noise; pulse pileup; analog pulse amplitude; on-site calibrations signal-shape (3 component) analysis; light-coincidence methods; raw signal archival; digital signal processing and discrimination using on-board field-programmable gate array (FPGA) and a digital signal processor (DSP); digital cancellation of jitter; noise elimination; elimination of pulse pileup; remote software edit; remote calibration Detector Design Elements Compton scatter interference in beta signal; delayed coincidence gating; phoswich researchers (Ely et al 2003) unable to resolve beta-gamma coincidence pulses with 2-layer design; spurious counts due to varying light efficiencies in beta tube greatly reduced gamma cross-talk due to elimination of signals created in the beta detectors from Compton interactions; instantaneous light coincidence; proven concept with the triplelayer design via transport modeling and prototypic analyses; uniform efficiency and reduced MDCs Firmware Control & Post-Processing radon signal discriminated and excluded; requires in-field setup/calibration; 2-D pulse height spectra; 7 Be used for QA/QC radon signal discriminated and utilized for positive identification of nuclear detonation; FPGA and DSP allow remote reprogramming; signal autocorrelation and 3-D histograms; capability for continuous calibration Physical/Cost/Power 12 PMTs; independent β/γ scintillators; optically separated; a 2-layer phoswich has been suggested by Eli et al. 2003 4 PMTs (more than 70% power & cost reduction); 3-layer phoswich analysis (3 component); preconcentration not necessary since radon signal is utilized; optimized specifically for radioxenons
TECHNICAL APPROACH
The proposed work will involve designing, modeling, constructing, and characterizing a fourth-generation prototypic radioxenon phoswich detector which can discriminate radiation type and energy by digital component analysis of signals from multiple scintillating layers and characterization of measured spectra for nuclide identification using neural network methods. State-of-the-art, high-speed digital techniques will be applied in this work for enhanced beta/gamma spectroscopy. A three-phased approach is proposed that will explore two geometries of phoswich and development of supporting electronics.
Phase 1 -XEPHWICH Proof of Concept
In Phase 1, our GEN3 design, in a planar geometry, will be optimized for detection of specific radioxenon isotopes. Optimization will be carried out by MCNP modeling of energies specific to xenon and radon while varying the thickness of various scintillating layers. The optimized detector, XEPHWICH, will provide the required technical knowledge for designing the 4π-geometry/saddle-type XEPHWICH detector for the ARSA infrastructure (Phase 3). Phase 1 is comprised of the following tasks:
A. MCNP modeling/optimization of radioxenon phoswich: Monte Carlo N-Particle (MCNP) software will be used to model and optimize the GEN3 detector design for detection of four radioxenon isotopes ( 131m Xe, 133m Xe, 133 Xe and 135 Xe). The corresponding gamma-rays, conversion electrons and beta particles will be considered to optimize the detector response to the significant events in Table 2 .
B. XEPHWICH prototype design and construction: Based on examining different scintillation materials and configurations via MCNP modeling, a planar-geometry XEPHWICH prototype detector will be designed and constructed. As with the GEN3 design, the first two and the third scintillation layers will be assigned for electron and photon detection, respectively.
C. Characterization of XEPHWICH response with existing DPP1: Before any spectroscopy measurements can be performed, the detector must be calibrated. This task includes energy and efficiency calibrations for both electron and photon radiations using beta and gamma-ray laboratory sources. The planar XEPHWICH will be exposed to different radiation fields; pure beta, pure gamma (by blocking beta particles) and mixed gamma/beta. Separate beta and gamma energy spectra will be collected from a mixed gamma/beta source using a 1-channel Digital Pulse Processor (DPP1) developed in our laboratory. The measurement will be repeated by placing a filter (of sufficient thickness to stop incident beta particles) between the source and detector. These measurements will demonstrate the ability of the system to discriminate between gamma-and beta-induced pulses. The results of the first measurement will be compared to literature results of those recorded by separate beta and gamma spectrometers. Also, by analyzing the spectral differences between the measured spectra (e.g., γ 1 :γ 2 and β 1 :β 2 ), the degree of radiation mischaracterization, either from gamma radiations into the beta spectrum or from beta particles into the gamma spectrum, will be quantified.
D. Experimental measurements with radioxenon sources: In this step, the planar XEPHWICH will be exposed to a radioxenon gas source. To contain the gas source near the detector's window, a cylindrical chamber suitable for these measurements will be designed and installed. The resolving algorithm which has been developed for GEN3 will be enhanced to separate the three signal components. By extracting three values from each signal pulse, a 3-dimensional histogram will provide the framework to identify and quantify radioxenon isotopes in the corresponding gamma/beta coincidence regions.
E. Neural network design/development for 3-D histogram interpretation:
This task, being iterative, is devoted to neural network development and optimization. We will use the MATLAB software package to assist in building and testing various neural networks. MATLAB allows for large numbers of inputs, multiple layers, and various functional nodes. The intention is to produce the foundation for developing a system of neural networks that will identify radioxenon isotopes from the 3-D histogram. To provide the required data for training the neural network, a library of responses from four radioxenon isotopes ( 131m Xe, 133m Xe, 133 Xe and 135 Xe) will be created experimentally. These training datasets will provide the knowledge base for the adaptive training and enhancement of the neutral networks.
F. Radioxenon identification routine development/application: Planar XEPHWICH, DPP1 and the trained neural network will be joined to identify and quantify radioxenon isotopes from: 1) a pure xenon source with a gamma-shielded chamber; 2) a pure xenon source with a gamma background; and 3) a xenon source combined with a source of radon and its progeny.
G. Support product integration and final testing:
The final task of Phases 1 and 2 is to provide support for the final task of Phase 3 in which the entire product (XEPHWICH and digital signal processing) will be integrated and readied for implementation into the existing ARSA structure.
Phase 2 -Development of Two-Channel Pulse Processor and 3-D Visualization
Based on the DPP1 architecture, a 2-channel, DSP-enhanced, digital pulse processor (DPP2) will be designed and constructed (Fig. 13) . In DPP2, analog signal pulses from two PMT's of the saddle-geometry detector (XEPHWICH-S) will be individually digitized and captured. Digitized pulses then will be preprocessed in the FPGA module. A digital signal processor (DSP) then is responsible for management of light/electronic-coincidence and forming/updating the 3-D histogram.
A. Design and construct DPP2: Real-time digital pulse shape discrimination, processing and analysis for the saddle XEPHWICH detector will be performed in a 2-channel Digital Pulse Processor unit (DPP2). A one-channel version of the pulse processor unit (DPP1), developed for the GEN3 detector, and used for proof-of-concept with the planar XEPHWICH, has been designed and constructed in our laboratory. In this task, DPP2 will be designed and constructed with a high speed USB2 interface dedicated to analyze the two signal outputs of the saddle XEPHWICH. In the new design, noise reduction, pulse detection, time stamping, pile-up rejection, and the resolving of light components will be implemented in the field programmable gate array (FPGA) for each of the two lines. A digital signal processor (DSP) then is intended for the final signal processing, by: 1) reading digitized pulses from each pre-processed line (FPGA outputs); 2) determining electronic-based coincidence (by comparing the time stamp on each digitized pulse); 3) constructing and updating the 3-D histogram; 4) organizing digitized pulses to be stored in the PC memory; and 5) performing a specialized auto-calibration routine. The design will include a battery-powered DPP2 with a fail-safe mechanism by which the DSP can temporarily continue essential PC tasks in the event of a power failure. On regaining power, the PC can be updated by the battery-powered DPP2.
B. Program DSP and FPGA firmware for DPP2: In this step, the programming required for the DSP will be developed using C ++ . The FPGA will be configured by the highlevel language VHDL. VHDL (Very-high-speed integrated circuit Hardware Descriptive Language) is a firmware code language for programming integrated circuits, the FPGA in this case. Coding also will be included to transmit state-of-health data for the XEPHWICH and DPP2 units.
C. Write dedicated data acquisition software for DPP2: To allow the DPP2 to communicate with the host PC, customized data acquisition software for DPP2 will be developed in C ++ . Constructing the required USB2 driver and its on-board processor (8051) firmware are two important goals to be completed in this task.
D. Deliver preliminary DPP2 (w/o data transfer capability): At this point, the whole preliminary DPP2 system, hardware and software, is ready to be utilized in processing signal pulses from the saddle XEPHWICH. Experimental measurements in Phase 3, task (f), start with completion of the DPP2.
E. Generate algorithm to construct real-time 3-D histogram:
The signatures for 131m Xe and 133m Xe are based on the coincidence between their conversion electrons and 30 keV xenon Xrays. The unique signatures for 133 Xe and 135 Xe are also based on the coincidence between their beta/gamma or (beta+CE)/X-ray observations. In our XEPHWICH detector, depending on which side of the detector each radiation type is detected, the radiation coincidence is determined by two different mechanism (Fig. 15) , electronic-based or light-based coincidence. When the coincidence electron (beta or CE) and photon (gamma or X-ray) are absorbed in different sides of the detector (Figs. 15(a) and 15(b) ), two coincident single-component pulses can be detected from the two PMT's. This is called electronic-based coincidence and can be identified from their time stamps by the digital signal processor. If the electron and photon are absorbed in the same side of the detector (Figs. 15(c) and 15(d) ), a multi-component pulse will be detected from the corresponding PMT. This is called light-based coincidence. In this case, however, the multicomponent signal pulse will carry the required information to determine if a coincidence event has occurred. Any valid pulse then increments the count of an energy bin in the 3-D histogram (each of the three axes corresponding to the energy deposition in a particular scintillation layer). Note that from either electronic-or light-based coincidence only one energy bin is incremented.
The location of the bin to be incremented is determined by the digital signal processor (DSP). In this task, the analysis algorithms for both the DSP and the data acquisition software will be developed.
F. Match CTBT data-transfer protocol to DPP2: Data collected by the phoswich and processed by DPP2, as well as state-of-health (SOH) information, must be transferred periodically to the International Data Center (IDC). This task will focus on matching the datatransfer formats with protocols established by the IDC.
G. Deliver final product (DPP2): The complete digital pulse processor system, including the DPP2 board and its related software, firmware and drivers will be delivered for full integration into the radioxenon detection system.
H. Support product integration and final testing:
The final task of Phases 1 and 2 is to provide support for the final task of Phase 3 in which the entire product (XEPHWICH and digital signal processing) will be integrated and readied for implementation into the existing ARSA structure. 
Phase 3 -Development and Characterization of Saddle-XEPHWICH system
Phase 3 is intended to develop a saddle-geometry XEPHWICH detector. Technical aspects of this phase will be supported by the work performed in the other two phases. Within the first two years of the proposed research, while Phase 1 provides the required technical response of the XEPHWICH in the planar geometry using a single-channel digital pulse processor (DPP1) developed in our laboratory, Phase 2 will focus on development and construction of a 2-channel digital pulse processor (DPP2) unit. This unit and its related software, firmware and drivers will be ready to use in task (f) of this phase, when the preliminary tests of the saddle-type XEPHWICH are finished and ready for experimental measurements. Some of tasks of Phase 1 and 3 are similar in name, but will be performed on two different geometric designs. To be useful, the tasks in Phase 1 are scheduled (see Table 4 ) to be completed before the start of similar tasks in Phase 3.
A. Comprehensive study of Radon signature: Seismic activity following an underground nuclear explosion provides the mechanism for the increased release of radon gas to the atmosphere. This task, therefore, will explore the possibility of using the radon signature in air and to correlate the radon/xenon response for positive identification of an underground nuclear explosion.
B. MCNP modeling/optimization of saddle geometry: Monte Carlo N-Particle (MCNP) software will be used to model and optimize the XEPHWICH detector in a saddle-type geometry (Fig. 12) for a nearly 4π-detection of four radioxenon isotopes ( 131m Xe, 133m Xe, 133 Xe and 135 Xe), considering all related gamma-rays, X-rays, conversion electrons and beta particles.
C. Saddle XEPHWICH prototype design and construction: The saddle XEPHWICH prototype (Fig. 12) consists of a single cylindrical gas cell. The gas cell is surrounded by two cylindrical scintillation layers. These layers are intended for beta detection. The cylindrical layers are optically divided into two halves, each surrounded by a planar scintillator for gamma detection. To collect the scintillation light produced by all scintillators, in a nearly 4π-geometry, each planar scintillator is viewed by one sideways looking PMT. Unlike the ARSA detector, the beta cell in the saddle XEPHWICH design is not optically isolated from the planar scintillator. For a complete optical isolation between two sides, the internal wall of the gas cell is covered by an aluminized Mylar layer. Lessons learned from Phases 1(a) and (b) in modeling and designing the planar XEPHWICH detector will be applied here to design and construct the saddlegeometry XEPHWICH. This prototype will provide the framework to be extended to the current four-cell ARSA design, which provides continuous sampling capability.
D. Consider issues of planar knowledge with saddle geometry design: Potential issues identified in Phase 1 for the planar XEPHWICH design will be considered in this task to enhance the performance of the saddle XEPHWICH. From the pulse processing aspect, changes might be warranted in the pre-processing stages of the FPGA to promote the efficacy of digital signal processing in DPP2.
E. Characterization of saddle XEPHWICH response: With some considerable differences, similar characterization routines performed for the planar XEPHWICH in Phase 1, task(c), will be repeated in this step for the saddle-type detector. Two noteworthy differences are that all calibrations and evaluation routines will be performed individually for each side of the saddle XEPHWICH and, in addition to the light-based coincidence (Fig. 15) , the electronicbased coincidence will be considered and characterized. To consider the latter, the DSP in the DPP2 unit will be programmed, first to detect these events and then, to extract the appropriate energy components from each coincident pulse.
F. Experimental measurements with DPP2: To evaluate the radioxenon detection system, various gaseous sources (including sources of purchased and/or activated xenon) will be introduced into the sample cell of the saddle XEPHWICH detector. The system response in the energy regions covered by the four specific CTBT radioxenon isotopes ( 131m Xe, 133m Xe, 133 Xe and 135 Xe), and the daughter nuclides of 222 Rn, will be determined. To study system capabilities, for example, in discrimination of 131m Xe and 133m Xe from the 30 keV photon events due to 133 Xe decay, different concentration ratios of the various calibration nuclides will be mixed and studied.
G. Development/application of Rn discrimination/correlation routine: Even electron/photon coincidence spectroscopy can not reject the background events from radon daughters which can also appeared in the sample cell. The most dominant background radioisotopes due to radon decay are 214 Bi and 214 Pb. The contribution of these radioisotopes in the radioxenon measurements can be determined by detecting the 315.9 keV gamma ray following beta emission from 214 Pb (Bower et al. 1999) . This task will develop the appropriate algorithm to locate the background coincidence events due to radon progeny in the 3-D histogram and make the required corrections. Regarding the results from the comprehensive study performed in task (a) of this phase, the radon concentration history in air, rather than being discarded as background, might be recorded and used as an extra signature for underground nuclear explosion monitoring. For this reason, in addition to making the radon background corrections for radioxenon measurements, the discrimination routine will provide the required data for radon concentration measurement.
H. Product integration and final testing: In the final task of Phase 3, product integration occurs such that the saddle XEPHWICH, its digital pulse processing circuits, the supporting neural network, visualization routines, etc. are brought together for final unified testing for eventual implementation into the existing ARSA structure.
PROPOSED SCHEDULE
A detailed completion schedule is provided in Table 4 . In the first project year, the team will begin with development and analysis of a prototype XEPHWICH detector and the incorporation of digital processing methods for true separation of beta and gamma components. Phases 1, 2, and 3 will run concurrently, with each phase completed (generally) by each of the three faculty and their doctoral students. The students, their advisors, and the research associate will work together as a team, with regularly scheduled meetings. In the final project year, unification of the work will demand intensive collaboration within the research group. The students will receive invaluable teaming experience.
Deliverables include the prototypic planar XEPHWICH and its digital processing system, a two-channel digital pulse processing unit with associated firmware and CTBT data-transfer protocols, and a prototypic saddle-geometry XEPHWICH (and digital system) for retrofitting the ARSA structure. Additionally, as his track record shows, the PI will require that all three doctoral students publish their work in peer-reviewed journals at a minimum of one paper per year.
KEY PERSONNEL
The PI, David M. Hamby, graduated in 1989 from the University of North Carolina at Chapel Hill with an MS and PhD in health physics. After six years as a Senior Research Scientist at the Savannah River Laboratory in Aiken, SC, he shifted to academia and went to the University of Michigan as an Assistant Professor in their radiological health program. In 1999, Dr. Hamby was recruited by Oregon State University as a tenured Associate Professor, and was promoted to Professor in 2004. He has authored over 90 peer-reviewed publications and presentations, and more than 30 government reports.
The citations listed below represent a subset of Dr. Hamby's work and show that his interests in radiation detection span the previous decade. Originally, the PI's work in environmental health physics led to investigations with neural networks, microdosimetry, environmental assessment, and radiation detection instrumentation for in situ soil analyses. Additionally, his field work in Kyrgyzstan was significant in directing future detector development. In late 1997, Dr. Hamby and his students began looking specifically at the prospects of beta spectroscopy as it relates to the dosimetry of mixed beta/gamma sources. The first prototype phoswich detector was developed by his research group in 1998 and utilized for initial studies into the efficacy of deconvolution and spectral stripping techniques for beta emitter identification. This effort was lead by two of Dr. Hamby's doctoral students (Bush-Goddard and Miklos) and resulted in three (3) publications. Dr. Bush-Goddard is now a program manager with the NRC and Dr. Miklos is the Occupational Safety and Environmental Health coordinator at the University of Michigan. In early 2002, the PI was awarded a 3-yr Nuclear Engineering Education Research (NEER/DOE) grant and another of his doctoral students (Kriss) extended the original work into a second-generation prototype of plastic scintillator and large-area photodiode components. In late 2003, another doctoral student (Tavakoli-Farsoni) joined the group to work on improvements to the beta spectroscopy system. Nine (9) publications to date will come from the work by Kriss and the preliminary work of Tavakoli-Farsoni. Dr. Kriss is now employed at PNNL as a principal research scientist in the Radiological Sciences and Engineering group. Mr. TavakoliFarsoni has a BS in applied physics and an MS in nuclear engineering. He has been involved in radiation instrumentation and analysis for more than 8 years and has experience with research reactors, radioanalytical techniques (INAA, ENAA, and PGNAA), various radiation detection instruments, and trace element analysis in environmental media. Dr. Hamby was recently awarded a second 3-yr NEER grant, on which Mr. Tavakoli-Farsoni is funded. The PI is confident that, with NNSA funding, he and his researchers can extend their instrumentation 1994 -1999 EHS 679: Radiological Risk Evaluation (Univ of Michigan) 1994 -1999 EHS 672: Environmental Radiological Assessment (Univ of Michigan)
VOLUME 3 COST PROPOSAL I. Salaries and Wages
Faculty. The Principal Investigator (Dr. Hamby) will commit 30% of his time to the proposed work, directing the research of two doctoral students, participating in the research of one other doctoral student, and maintaining responsibility for all aspects of the project. Drs. Palmer and Lucchese (Co-Investigators) will each commit 15% of their time to the project, with Dr. Palmer supporting all three doctoral students with computation methods and Dr. Lucchese with direct supervision of one doctoral student. Dr. Palmer is expert in radiation transport modeling and will provide guidance with the use of MCNP. Dr. Lucchese is expert in electrical engineering and will provide guidance with design/development of the DSP and FPGA modules. Partial salary support is requested for faculty involvement, commensurate with project responsibilities and time commitments. Faculty will normally receive nine months support via the University. Requested support provides enhanced opportunities for faculty interaction in the summer and throughout the year on this project. An annual increase of 4% has been applied to Faculty salaries for the 2 nd and 3 rd project years.
Professional Faculty Research Associate. Funding for 1.0 FTE (12-month appointment) post-doctoral Faculty Research Associate (FRA) is requested for each project year. The FRA will receive a salary of $4,600 per month, increased by 4% in each of the subsequent years. The FRA will be expected to manage the day-to-day research functions. Major assignments will include a lead role in experimental design, advancement of calculational methods, generation of required reports, development of new areas of research related to overall project objectives, and co-authoring peer-reviewed publications. Additionally, the FRA will conduct regular research meetings and provide first-line supervision of project-funded graduate researchers.
Graduate Research Assistants. Funding for three doctoral student graduate research assistants (GRA) is requested for each project year. The GRAs will be paid a stipend of approximately $1,550 per month (increased by 4% in each of the subsequent years), plus an additional $500 per year to compensate for health insurance (increased by 11% per year). All research assistants will be expected to work a total of 16 hours per week (0.40 FTE), year-round, on this project. Major assignments to tasks of the proposed project will include establishment of calibration techniques, development of laboratory systems, characterization of detector prototypes, development of enhanced spectral analysis methods, and incorporation of neural networks. The GRA doctoral students will be expected to publish multiple manuscripts during their tenure on this project.
II. Fringe Benefits
Fringe benefits, using standard Oregon State University rates, are listed on the budget detail and calculated at a rate of 44% for faculty, 46% for the FRA, and $383 per term per student for GRAs (increased by 11% per year).
III. Supplies
Supplies are defined as any item or system less than $5,000.00. Supply funds are requested in the first year to construct a planar model of the XEPHWICH multi-layer phoswich detector optimized for radioxenon ($3,500) , and general supply funds for radioactive calibration and check sources ($3,500 each year), three computer systems and software ($9,000 first year), and miscellaneous laboratory supplies ($2,500 each year). Two high-speed digital oscilloscopes (Tektronics) are also necessary for signal analysis, detector characterization, and troubleshooting ($4,000 first year). These supplies are extremely important to the furtherance of our work. More detail on the usage of these supplies is provided in the Technical Approach.
IV. Domestic Travel
The proposed travel budget provides airfare (estimated at $750 per round-trip), per diem for economy subsistence and lodging ($175 per day), auto rental ($75 per day), and conference fee when appropriate ($300). Trip durations of 4 days are assumed. Travel funds are requested for six trips per year (w/ conference fee) for the PI, Co-Investigators, FRA, or students to present updates/findings at profession meetings (e.g. American Nuclear Society, Health Physics Society). Requested funds also include resources for six additional trips annually for the PI to meet twice with the Product Integrator and for the PI and FRA to attend the two NNSA research meetings.
V. Equipment
We are requesting equipment funds ($9,500) to construct the saddle XEPHWICH in the third project year. This purchase will be greater than five-thousand dollars, thus considered "equipment". The saddle XEPHWICH is key to demonstrating the utility of our design and the efficacy of placing the XEPHWICH in the current ARSA infrastructure.
VI. Other Direct Costs
Tuition and fees for each of the three Graduate Research Assistants will cost $2,713 per quarter in the 2005-2006 academic year. The GRAs will be on 12-month appointments and enrolled for 3 quarters, therefore, the total cost of tuition for one student is $8,139 in the first year. Tuition is projected to increase by 8% in each of project years 2 and 3.
VII. Miscellaneous
Funds are requested ($2,500 each year) for purchasing miscellaneous office and computer materials, postal fees, books, publication charges, photocopying, communication expenses, etc.
VIII. Indirect rate
An indirect rate of 41.5% is being applied to all costs covered under this work, except graduate student tuition and equipment. This rate is the negotiated federal modified indirect return rate. 
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